A computational fluid dynamic (CFD) model of a rotating detonation engine (RDE) is used to examine the impact of an exhaust throat (i.e., a constriction) on performance. The model simulates an RDE which is premixed, adiabatic, inviscid, and which contains an inlet valve that prevents backflow from the high pressure region directly behind the rotating detonation. Performance is assessed in terms of ideal net specific impulse which is computed on the assumption of lossless expansion of the working fluid to the ambient pressure through a notional diverging nozzle section downstream of the throat. Such a semi-idealized analysis, while not real-world, allows the effect of the throat to be examined in isolation from, rather than coupled to (as it actually is) various loss mechanisms. For the single Mach 1.4 flight condition considered, it is found that the addition of a throat can yield a 9.4 percent increase in specific impulse. However, it is also found that when the exit throat restriction gets too small, an unstable type of operation ensues which eventually leads to the detonation failing. This behavior is found to be somewhat mitigated by the addition of an RDE inlet restriction across which there is an aerodynamic loss. Remarkably, this loss is overcome by the benefits of the further exhaust restrictions allowed. The end result is a configuration with a 10.3 percent improvement in ideal net specific thrust.
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I. Introduction
The rotating detonation engine (RDE) is under investigation as an approach to pressure gain combustion (PGC) for propulsion and power systems. In its basic form, the RDE essentially consists of an annulus with one end open and the other end valved (mechanically, or aerodynamically). Fuel and oxidizer enter axially through the valved end. The detonation travels circumferentially. Combustion products exit predominantly axially through the open end. The majority of the fluid entering the device is passed over or 'processed' by the rotating detonation wave which substantially raises the pressure and temperature. As the fluid continues to move, it is expanded and accelerated through the exhaust end, thereby producing thrust. An example of a basic RDE cycle can be seen in Figure 1 , which shows computed contours of temperature throughout the 'unwrapped' annular region. The figure shows data in the detonation frame of reference which, for the code used, makes it invariant in time (Ref. 1). Also shown in the figure are profiles of non-dimensionalized (i.e., normalized by reference values) total pressure and axial velocity at the inlet and exhaust planes, as well as select streamlines. The computed result represents a stoichiometrically fueled hydrogen/air RDE. In a ram propulsion application, the inlet and exit conditions correspond to a Mach = 1.37 flight condition, at 37,000 ft, using Mil. Spec. pressure recovery (Ref. 2). The ideal net specific impulse is I nspi = 3846 sec. This was obtained by computing the ideally expanded specific thrust from each fluid element in the RDE exit plane and then performing a mass average (Ref.
3). Such a calculation provides an estimate (admittedly optimistic) of performance without having to add, and compute the flowfield of, an exit nozzle. It is noted from the inlet flow distribution shown in Figure 1 that the RDE under consideration is idealized in having a perfect valve system that does not permit backflow, and which, for this example, is lossless. Additionally, as will be briefly detailed in the code description section of the paper, the RDE is assumed adiabatic and the working fluid is inviscid, premixed, and calorically perfect. It is noted here that throughout this paper, unless explicitly stated, all fluid properties are non-dimensionalized or normalized with respect to reference values. Velocities are normalized by the reference speed of sound. Lengths are normalized by the RDE circumference, and time is normalized by the ratio of circumference to the reference speed of sound. The reference values are listed in the nomenclature section. The computed ideal net specific impulse is approximately 21 percent higher than would be obtained by an ideal conventional ramjet (i.e., constant pressure combustion) under the same assumptions; however, it is 22 percent lower than would be predicted from an algebraic analysis of a purely onedimensional (1D) detonative PGC cycle as has been done with pulsed detonation engines (PDE's) (Ref. 4) . Approximately 6 percent of the latter 22 percent disparity comes from the fact that algebraic analysis methods do not account for the unavoidable impact of exit flow non-uniformity (Ref.
3). The 6 percent value was obtained using the time-accurate, CFD-based PDE model described in Reference 5 to compute the idealized specific impulse of a PDE under the flight conditions described in this paper and comparing it to the algebraic model also described in Reference 5. Another approximately 5 percent can be accounted for by the fact that some of the chemical energy in an RDE is converted into circumferential kinetic energy, which does not contribute to thrust (Ref. 1). There are other minor contributions to ideal RDE/PDE performance disparity such as the inevitable deflagration region of the RDE, the associated shear layer, and the oblique shock that are not present in the ideal PDE. These are seen in Figure 1 , and are highlighted in Figure 2 , which shows contours of entropy relative to the entropy found at the Chapman-Jouguet (C-J) point of a purely 1D detonation (e.g., in a PDE) under the same idealizations as used to compute the RDE flowfield (Ref. 6) . Entropy is normalized using the mixture gas constant. Fluid at a lower entropy than the C-J point is not included in Figure 2 and is shown as a white region. Increased entropy results in decreased availability of the fluid for producing thrust. While the entropy in the vicinity of the above mentioned flow structures is indeed well above the C-J point, it only involves 26 percent of the flow passing through the RDE. It is possible to mass-average the entropy of the Figure 2 exit flow and use it, along with the known mass-averaged total temperature to crudely estimate an ideal specific impulse (Ref. 5) .
For reference, the mass-average of any quantity, f, at a plane is defined as follows.
The mass-averaged Figure 2 exit entropy can also be calculated with the high entropy region excluded, and a similar specific thrust estimate can also be made. The difference between them represents a rough estimate of the impact of these so-called 'minor' losses, which accounts for another 4 percent of the 22 percent ideal RDE/algebraic PDE disparity. This leaves a remaining 7 to 10 percent disparity which is the subject of this paper. The entire blue region of Figure 2 (i.e., fluid with entropy above that of the 1D CJ point) can be attributed to entropy produced by the rotating detonation itself. This entropy is greater than the idealized 1D detonation process because the latter assumes a negligible fill Mach number (i.e., the Mach number of the unreacted fluid filling the RDE and through which the detonation propagates), while the basic RDE shown here has a relatively high value. The impact of fill Mach number on performance will be described, and an approach to controlling it, and thereby mitigating its impact will then be presented. That approach is the addition of an exhaust restriction or throat. It will be shown that, in this idealized simulation environment, an approximately 10 percent net specific thrust improvement over the basic RDE configuration of Figure 1 can be achieved. The improvement is not without complications however, due to the highly coupled nature of RDE operation. These complications will be detailed. Since the entire investigation utilizes a particular CFD-based RDE model, a brief description of it will precede all else. More details of the model and validation results may be found in References 1, 7, and 8.
II. Model Description
The model basis is a high resolution, computational fluid dynamic (CFD) algorithm that integrates the quasi-two-dimensional, single-species, reactive Euler equations with source terms. The code adopts the detonation frame of reference and deliberately utilizes a course grid (i.e., is diffusive) in order to eliminate the highest frequency unsteadiness (e.g., detonation cells, Kelvin-Helmholtz phenomena). All of the results shown in this paper utilize only 10,000 grid points. The result is a flowfield solution that is invariant with time when converged. As mentioned earlier, the working fluid is assumed to be a single, calorically perfect, premixed gas. Relevant properties used in all calculations of this paper are a real gas constant, R g , of 73.92 ft-lb f /lb m /R, and a ratio of specific heats, , of 1.264 (Refs. 5 and 7).
The source terms contain sub-models which govern the reaction rate, momentum losses due to skinfriction, and the effects of heat transfer to the walls. The sub-models are adapted from validated onedimensional sub-models used to investigate pulse detonation engines and other gasdynamic devices (Refs. 9 to 11). For the present idealized study, only the reaction rate sub-model will be used. Due to the simplicity of this sub-model two reaction rate constants are required: a large one for regions of detonation and a smaller one for regions of deflagration as shown in Figure 1 . Based on past validation efforts with experiments (Refs. 7 and 8), the deflagrative rate constant is set to a value such that, in combination with other fluid dynamic processes, approximately 6 percent of the premixed RDE throughflow reacts in this region. The remaining 94 percent detonates.
The governing equations are integrated numerically in time using an explicit, second-order, two-step, Runge-Kutta technique. Spatial flux derivatives are approximated as flux differences, with the fluxes at the discrete cell faces evaluated using Roe's approximate Riemann solver. Second-order spatial accuracy (away from discontinuities) is obtained using a so-called MUSCL technique (i.e., Monotonic UpstreamCentered Scheme for Conservation Laws) whereby the primitive variable states within the cells are represented as piecewise linear rather than constant as first order accuracy would imply. Oscillatory behavior is avoided by limiting the linear slopes.
Considering the Figure 1 RDE where the non-dimensional circumferential direction is x, and the axial direction is y, the following boundary conditions are imposed. At x = 0.0 and x = 1.0, periodic (aka symmetric) conditions are used. These ensure that the x-dimension of the computational space faithfully represents an annulus (which is continuous and has no boundary). At y = y max , constant pressure outflow is imposed along with characteristic equations to obtain  and v for the image cells. If the resulting flow is sonic, or supersonic, then the imposed pressure is disregarded. If, in addition, the upstream flow is supersonic, then p, , and v are extrapolated from the interior (Ref. 12). The possibility for a normal shock solution whereby supersonic outflow jumps to subsonic is also accommodated. The x-velocity component u is extrapolated from the interior at each boundary location. At y = 0.0 (the inflow face), partially open boundary conditions are applied as described and validated in Reference 13. This face is presumably fed by a large manifold at a fixed total pressure, and temperature. The manifold terminates at the face and is separated from it via an orifice. The ratio of orifice flow area to RDE annulus area, , is generally less than 1. If the interior pressure is less than the manifold pressure, P man , then inflow occurs. The boundary condition routine determines p, , and v for the inflow face image cells subject to a momentum (total pressure) loss model which depends on the mass flow rate and the value of . The routine is capable of accommodating a scenario where the inflow becomes choked. For most (but not all) of this investigation,  is assigned a value of 1, which ensures a lossless inlet. The x-velocity component u is prescribed during inflow, and it is here that a reference frame change is implemented. Rather than specify u = 0 (i.e., no swirl) which is the laboratory or fixed frame condition, the negative of the detonation speed, u det is prescribed instead. As a result of this change to the detonation reference frame, the computational space becomes one where a steady-state solution is possible. If the interior pressure along the inlet face is greater than P man , as might be found just behind the detonation, then there will be backflow into the manifold through the orifice. The boundary condition routine can accommodate this as well. However, for this investigation a notional check-valve boundary condition is implemented which detects when backflow would normally occur, and applies a solid wall boundary condition.
A. Exit Throat
The exit throat to be used for control of fill Mach number could have been implemented using the quasi-two-dimensional capability of the code. That is, a converging profile of the annulus width could have been prescribed near the exhaust end of the RDE. Instead however, a partially open outflow boundary condition was imposed (Ref. 13) . The boundary condition method assumes that the axial extent of the throat is negligible, and that the flow within the negligibly small region is isentropic. It has the advantage of being convenient for parametric variations of the throat area over a wide range because the throat size can be specified as a single input parameter to the model.
III. Effects of Fill Mach Number
The relationships between entropy (relative to the combustor inlet), ideal net specific thrust, and fill Mach number can be calculated algebraically for an idealized, 1D detonation (Refs. 4 and 6) under the assumptions of the Figure 1 operating point. These are shown in Figure 3 . It can be seen that as the fill Mach number rises, the entropy generated in the detonation rises and the specific impulse drops. A somewhat heuristic explanation for this trend is shown in Figure 4 . Here the static pressures just prior to and just after the detonation event are plotted as functions of the fill Mach number. Both have been normalized by the manifold total pressure just upstream of the notional device in which the 1D detonation is taking place. As the fill Mach number increases, the pre-detonation pressure drops as dictated by isentropic relationships for accelerating flows. Being isentropic, there is no availability loss (i.e., ability of the flow to do work) associated with this pressure drop. The flow is simply exchanging potential for kinetic energy. However, the deto process has no mechanism to utilize the kinetic energy, and there is no pressure recovery preceding the propagation of the detonation through the accelerated flow. As such, the 1D detonation produces a smaller pressure ratio relative to the manifold total pressure as the fill Mach number increases. This leads to higher entropy and reduced availability. While this is a simplified explanation, and while an RDE does not produce a one-dimensional detonation, it does provide a theoretical estimate for the magnitude of the effect.
The relationship between fill Mach number and performance is more difficult to demonstrate in a RDE simulation; however, an attempt is made in Figure 5 , which shows two quantities as functions of the axial distance, y. Referring to Figure 1 , the blue curve represents axial Mach number at x = 0.19 which is just prior to the fluid entering the detonation front (in this frame of reference). This may be considered the RDE equivalent of the pre-detonative fill Mach number. The axial extent of the line represents the region where all of the fluid has zero entropy. Passing through this region is 78 percent of the total inflow. The green curve represents entropy (relative to a value of 8) at x = 0.29, which is the point where all reactions have ceased (i.e., post-detonation). The axial extent of this curve was selected such that it has the same mass flow across it as the pre-detonation curve. The somewhat "wavy" nature of this curve is the result of coarseness in the computational grid. It does not affect performance or overall trend. The difference between pre-and post-detonative axial extent (for the same mass flow) is caused by fluid expansion in the axial direction. For reference, the planes described above are shown as vertical dashed lines in the inset to Figure 5 , which is actually a sub-region of Figure 1 . If the Mach number is fit linearly to the axial distance normalized by the maximum axial value shown, and the same is done for the entropy, then normalized axial value can be eliminated between the two fits, resulting in a crude estimate relating fill Mach number to post-detonative entropy. Alternately, the mass-averaged Mach number and entropy can be calculated for all computational points along the blue and green lines of Figure 5 , respectively. Both of these estimates are shown in Figure 6 , which also repeats the Figure 3 analytical 1D Mach number versus entropy line. It is seen that the relationship between fill Mach and entropy (and by extension availability) for an RDE is much the same as a PDE. 
IV. Fill Mach Control
The need to control the fill Mach number has long been recognized in PDE's, particularly in scenarios where the exit static pressure is substantially below the inlet total pressure (e.g., high speed flight) (Ref. 14) . The most common approach is to add a constriction, or throat at the exhaust end which, by slowing the expansion rate, also slows the fill rate and maintains a relatively high predetonative pressure. Of course, such an approach can reduce the flow rate through the device. As such, it may necessitate a larger device for a given application. Additionally, an exit throat provides a reflective surface for the incident detonation wave. This results in shock waves traveling back upstream and in some circumstances impacting the subsequent fill process (Ref. 15) . Still, an exhaust throat is effective in PDE's and is the approach used in the present investigation for RDE's. 
V. Results
The simulation was run to convergence for the exact same conditions and configuration as Figure 1 except the ratio of exit to annulus area was incrementally reduced from a value of 1.0. The increment was -0.05 (i.e., A exit /A annulus = 0.95, 0.90, 0.85, etc.). With each incremental reduction the specific impulse improved. Figure 7 shows contours of temperature and pressure (actually the Log of pressure due to the immense pressure variations observed) for the case where A exit /A annulus = 0.75. This value represents a limit for reasons to be described below in Subsection A. It can be seen immediately that the flowfield has changed substantially. Axial velocities have been reduced as evidenced by the lower detonation height, and the 'bending back' of the shear/mixing zone relative to Figure 1 . Gasdynamic waves are seen to reflect from the throat and travel upstream where they mildly impinge on the inlet. They also provide the benefit in this case of slightly compressing a portion of the incoming flow. The entropy-averaged total pressure, P EA , just to the left of the detonation front (i.e., x = 0.19, 0<y<0.053) is 11 percent above the inlet manifold total pressure. As discussed in Reference 15, entropy-averaging is a technique for obtaining a meaningful, single value for total pressure which represents an entire region of the flowfield (a plane in this case). It is the total pressure, at the mass-averaged total temperature crossing the plane of interest, which produces the mass-averaged entropy crossing the plane of interest. It is calculated using the following equation.
The average axial Mach number in this region has dropped from 0.90 to 0.53. The mass-averaged post-detonation entropy has dropped from 8.27 to 7.92 (Fig. 6 ). This is just 2 percent below the entropy predicted by the 1D CJ relationship (Fig. 6) , further indicating that the same mechanisms are at work in the RDE as in the PDE. Not surprisingly, the ideal net specific impulse increases by 9.4 percent to 4209 sec. Interestingly too, the mass flow rate actually increases by approximately 2.6 percent with the exit throat in place. The reason for this is not clear since it is difficult to decouple all of the processes occurring in the RDE cycle. However, one reasonable mechanism may be as follows. The exit flows of det. direction both configurations are choked. As such, the flow through each (given that they are both at the same mass-averaged total temperature) is proportional to the product of the total pressure and the crosssectional area. Using Equation (2), the entropy values listed above, and considering the post-detonation plane at x = 0.29, it can be seen that the entropy-averaged total pressure of the RDE with an exit throat is approximately 40 percent higher than the one without. However, its cross-sectional area is 25 percent less. The product of the higher total pressure and lower area indicate a 5 percent increase in mass flow rate for the RDE with a throat. This is quite close to the 2.6 percent increase observed, given the approximate nature of the analysis, and lends credence to the mechanism proposed, namely that the increase in available pressure outweighs the decrease in available area.
A. Unstable Operation
It is tempting to further restrict the exhaust throat and see if additional gains can be made. In this idealized environment, and with this particular simulation however, it becomes difficult to do so. The reflected waves from the throat become stronger and begin to significantly affect the inflow process. Additionally, they begin to reflect from the inlet back to the throat, and then back again to the inlet, etc., until the annulus is filled with a host of spurious waves. The waves and the perturbed inflow in turn impact the detonation, which produces even more complexity in the flowfield. In the present simulation, the process is a cascading one leading to either a failure of the detonation or a non-convergent, nearly random cycle that performs poorly.
The beginnings of this cascade are illustrated in Figure 8 which shows contours of temperature at three different times after the Figure 8 exit area ratio has been reduced from A exit /A annulus = 0.75 to 0.70. The first time represents 3 revolutions of the detonation after the abrupt area change. Each time after that represents an additional revolution. The aforementioned waves and their evolving impact are clearly seen. This is not considered a viable operational mode in this paper, so further restrictions of the exit area were not pursued. Although the occurrence of this cascade is reasonable physically, it is possible that it is somehow numerically induced due to the particular formulation of the CFD model used here. Further analysis is required. It cannot be validated experimentally yet since most RDE rigs operating presently do not have anything approaching an ideal inlet. As such, they are driven by very high pressure manifolds. The inlet flows are generally under hard choke (and very high loss) and show little mass flow rate perturbation due to internally reflected waves.
B. Stabilization Through Inlet Total Pressure Loss
Remarkably, a partial remedy to this scenario is found by introducing what may be considered a realworld loss. Specifically, the addition of a non-aerodynamic restriction at the inlet of the RDE (as is likely to exist in any practical device) (Refs. 1, 7, and 8) allows smaller exit area ratios and ultimately higher performance. This is somewhat surprising since non-aerodynamic inlet restrictions carry with them total pressure losses. However, they also seem to mitigate the effects of the waves reflected from the exit on to the inlet flow, which allows for greater exit restrictions and ultimately improved specific impulse (though flow rates are obviously reduced). By way of example a value of A in /A annulus = 0.75 was imposed at the inlet and the exit throat size was reduced until just before the unstable behavior of Figure 8 commenced. A stable simulation with A exit /A annulus = 0.70 was obtained. The temperature and pressure contours are shown in Figure 9 . Comparing this figure to Figure 7 it is seen that the detonation height is reduced slightly, and the reflected oblique shock has strengthened. The entropy-averaged total pressure in the inlet plane (i.e., y = 0.0, just aft of the inlet throat) indicates a 10 percent drop relative to the manifold caused by the restriction there. Nevertheless, the benefits of the additional exit restriction outweigh this penalty, yielding an ideal net specific impulse of 4243 sec. This is a 10.3 percent improvement over the Figure 1 configuration and even a 0.8 percent improvement over the Figure 7 configuration. The mass flow rate is found to be 6 percent below the Figure 1 configuration.
The beneficial effects of the restriction arise not just from the reduction in fill Mach number, but from the now significant reflected oblique compression wave through which nearly all of the pre-detonative inflow passes (see lower left of Fig. 9(b) ). The entropy-averaged total pressure just to the left of the detonation front (i.e., x = 0.19, 0<y<0.043) is an astonishing 17 percent above the inlet manifold pressure, despite the 10 percent aerodynamic loss caused by the inlet restriction. The mass-averaged Mach number at this location is 0.22; lower, as expected, than any previous configuration. The mass-averaged, postdetonative entropy at x = 0.29, 0<y<0.083 is just 7.86. 
VI. Discussion
The improvements just presented do not necessarily represent the maximum that could be obtained. It is possible that further inlet restriction could allow further exit restriction. The result presented was obtained through numerous simulations whereby the two restriction area ratios were incrementally and successively made smaller and the simulation was run to a steady-state solution. Figure 8 simply represents the respective restrictions reached at the time of this publication.
That being said, it could be argued that the value of obtaining maximum performance through maximum restriction using this highly idealized and very simplified computational approach, is dubious. The point of the present study is to demonstrate a potential pathway toward significantly improved RDE performance, and not to quantify the exact level of improvement.
Furthermore, the simulation used incorporates a notional check-valve in the RDE inlet to prevent backflow. All published RDE experiments actually utilize some type of aero-valve inlet system which attempts to minimize, but cannot prevent, backflow. The presence of an exit restriction will necessarily exacerbate any existing backflow scenario which could profoundly affect performance. The present code can approximately model this behavior (though it was not enabled for this work), and any potential future optimization/quantification efforts should include this real-world behavior.
It is also noted that RDE optimization using this approach may depend on geometrical features, namely axial length that have not yet been investigated. Examination of Figure 9 (b) suggests that there may be an RDE axial length which will result in an integer number of oblique wave reflections around the circumference. This may in turn lead to a standing wave pattern (in the detonation frame of reference) whereby the perturbations to the inlet flow, while not small, are fixed. The result could be a stable operating point compared to Figure 8 .
VII. Conclusion
It has been demonstrated through an idealized, two-dimensional, computational fluid dynamic (CFD) based simulation that the basic rotating detonation engine (RDE) configuration operates with a very high average fill Mach number. This leads to lower than expected performance as measured by idealized net specific impulse. The relationship between fill Mach number and lost specific impulse has been shown to be the same for a RDE as for a pulse detonation engine (PDE) where the flowfield is predominantly onedimensional. It has further been demonstrated that a particular approach to reducing fill Mach number, namely, an exit flow restriction or throat can improve performance by nearly 10 percent over the basic configuration. When the exit restriction becomes too severe, it is shown that a kind of unstable operation ensues. However, it is also demonstrated that the addition of a non-aerodynamic RDE inlet can add stability, and ultimately lead to specific thrust improvements in excess of 10 percent.
